SLAC-PUB-8221 
hep-ph/9908343 
August 1999 



CP VIOLATION AND B PHYSICS [] 



Michael Gronau f\ 

Stanford Linear Accelerator Center 
Stanford University, Stanford, CA 94309 



ABSTRACT 



This is a quick review of CP non-conservation in B physics. Several meth- 
ods are described for testing the Kobayashi-Maskawa single phase origin of 
CP violation in B decays, pointing out some limitations due to hadronic 
uncertainties. A few characteristic signatures of new physics in B decay 
asymmetries are listed. 
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1 The CKM Matrix 



In the standard model of electroweak interactions CP violation is due to a nonzero 
complex phase [|I| in the Cabibbo-Kobayashi-Maskawa (CKM) matrix V, describing the 
weak couplings of the charged gauge boson to quarks. The unitary matrix V, given 
by three mixing angles < j = 1,2,3) and a phase 7, can be approximated by 
{sij = sin 9ij) 0, |] 

V ^ 1 - |S?2 S23 . (1) 

V S12S23 - sise*'^ -S23 1 / 

Within this approximation, the only complex elements are Vub, with phase —7 and Vtd, 
the phase of which is denoted —p. 

The measured values of the three mixing angles and phase are 

S12 = 0.220 ±0.002 , S23 = 0.040 ± 0.003 , S13 = 0.003 ± 0.001 , (2) 

35° < 7 = Arg(V:,) < 145° . (3) 

First evidence for a nonzero phase 7 came 35 years ago with the measurement of e, 
parameterizing CP violation in — mixing. The second evidence was obtained 
recently through the measurement of Re(e'/ e) ^ discussed extensively at this meeting. 
Unitarity of V implies a set of 6 triangle relations. The dh triangle, 

VudV:, + K.v;; + Vuv:, = o , (4) 

is unique in having three comparable sides, which were measured in 6 — >■ ulv, b —>■ ciu 
and AMrfs, respectively. Whereas Vcb was measured quite precisely, Vub and Vtd are 
rather poorly known at present. The three large angles of the triangle lie in the ranges 
35° < a < 120°, 10° < /5 < 35° and Eq. (g). As we will show in the next sections, 
certain B decay asymmetries can constrain these angles considerably beyond present 
limits. 

For comparison with K physics, note that due to the extremely small t-quark side 
of the ds unitarity triangle 

Vudv:, + VdK: + vuVti = , (5) 

this triangle has an angle of order 10"'^, which accounts for the smallness of CP violation 
in K decays. The area of this triangle, which is equal to the area of the db triangle |0, 
can be determined by fixing its tiny height through the rate of Kl —>■ n^uu. This 
demonstrates the complementarity of K and B physics in verifying or falsifying the 
assumption that CP violation originates solely in the single phase of the CKM matrix. 

As we will show, the advantage of B decays in testing the KM hypothesis is the 
large variety of decay modes. This permits a detailed study of the phase structure of 
the CKM matrix through various interference phenomena which can measure the two 
phases 7 and f3. New physics can affect this interference in several ways to be discussed 
below. 
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2 CP violation in mixing 

The wrong-sign lepton asymmetry 

_ TiB^^Xi+u)-T{B^^Xe-u) 

~ r(so ^ xi+u) + r(fio ^ xi-u) ' 

measures CP violation in — B^ mixing. Top-quark dominance of B^ — B^ mixing 
implies that this asymmetry is of order 10~^ or smaller 

A, = 4Rees = Im (^) = ^Arg (^) - f 4 V4U ^(10"^) • (T) 



\M12J IM12I ^\Mi2/ \mij \ml^ 

Present limits are at the level of 5% 

Writing the neutral B mass eigenstates as 

\Bl>=p\B^> + q\B^ > , \Bh>=p\B^> - q\B^ > , (8) 

one has 2ReeB ~ 1 — \q/p\ < O{10^^). Thus, to a very high accuracy, the mixing 
amplitude is a pure phase 

g ^ ^2iAvg{Vtd) ^ g-2i/3 _ /gx 
P 

3 The asymmetry in B^(t) i/jKs 

When an initially produced B^ state oscillates in time via the mixing amplitude which 
carries a phase e~^*^, 

\B^(t) > = > cos(Amt/2) + |5° > ie'^^^ sin(Amt/2) , (10) 

the 5° and B^ components decay with equal amplitudes to ipKs- The interference 
creates a time-dependent CP asymmetry between this process and the corresponding 
process starting with a 5° 

^^'^ = TiBOit)^^Ks) + nBOit)^,pKs) = ' ""^'^^ ""^^"^'^ ' ^''^ 

The simplicity of this result, relating a measured asymmetry to an angle of the unitar- 
ity triangle, follows from having a single weak phase in the decay amplitude which is 



dominated by 6 ^ ccs. This single phase approximation holds to better than 1% ||T^ 
and provides a clean measurement of (3. 

A recent measurement by the CDF collaboration at the Tevatron sin(2/3) = 



0.79 ± 0.39 ± 0.16, has not yet produced a significant nonzero result. It is already 
encouraging however to note that this result prefers positive values, and is not in conflict 
with present limits, 0.4 < sin 2/? < 0.8. 
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4 Penguin pollution in tt^tt 

By applying the above argument to ir'^iT', in which the decay amphtude has the 

phase 7, one would expect the asymmetry in this process to measure sin2(/3 + 7) = 
— sin(2a). However, this process involves a second amplitude due to penguin operators 
which carry a different weak phase than the dominant current-current (tree) amplitude 



T0|, p!2|. This leads to a more general form of the time- dependent asymmetry, which 



includes a new term due to direct CP violation in the decay [| 



A{t) = adirCos(Amt) + ^Jl- a^-^ sin 2 (a + 9) sin(Amt) . (12) 

Both Cdir and 6, the correction to a in the second term, are given roughly by the ratio 
of penguin to tree amplitudes, Odir ~ 2 (Penguin/ Tree) sin 5, 9 ~ (Penguin/Tree) cos 5, 
where S is an unknown strong phase. A crude estimate of the penguin-to-tree ratio, 
based on CKM and QCD factors, is 0.1. Recently, flavor SU(3) was applied |]T^] to 
relate B ^ tttt to B ^ Kit data, finding this ratio to be in the range 0.3±0.1. Precise 
knowledge of this ratio could provide very useful information about a |T0, in . 

One way of eliminating the penguin effect is by measuring also the time-integrated 
rates of B^ —>■ tt^tc^, B^ tt+tt^ and their charge-conjugates |]15|. The three S — >■ tttt 
amplitudes obey an isospin triangle relation, 

A(5° -> TT+n-)/V2 + A(5° ^ TT V) = A{B+ 7r+7r°) . (13) 

A similar relation holds for the charge-conjugate processes. One uses the different isospin 
properties of the penguin (A/ = 1/2) and tree (A/ = 1/2,3/2) contributions and 
the well-defined weak phase (7) of the tree amplitude. This enables one to determine 
the correction to sin 2a in the second term of Eq.(|12D by constructing the two isospin 
triangles. 

Electroweak penguin contributions could spoil this method [|16| since they involve 
A/ = 3/2 components. This implies that the amplitudes of B~^ tt^tt^ and its charge- 
conjugate differ in phase, which introduces a correction at the level of a few percent 
in the isospin analysis. It was shown recently [T^ that this small correction can be 



taken into account analytically in the isospin analysis, since the dominant electroweak 
contributions are related by isospin to the tree amplitude. Other very small corrections 
can come from isospin breaking in strong interactions | |18| |. 

The major difficulty of measuring a without knowing the ratio Penguin/Tree is exper- 
imental rather than theoretical. The first signal for B^ 7r~^7[~ reported this summer 
PI, ID, BR(5° ^ vr+vr-) = [0.47lg:J^ ± 0.06) x 10-^ is somewhat weaker than ex- 
pected. Worse than that, the branching ratio into two neutral pions is expected to be 
at most an order of magnitude smaller. This estimate is based on color-suppression, 
a feature already observed in CKM-favored B — > Dtt decays. Here it was found that 
§, BR(5° ^ D°7r°)/BR(5° D~TT+) < 0.04. If the same color-suppression holds in 
B TTTT, then BR(i?° —>■ tt^tt^) < 3 x 10^^, which would be too small to be measured 
with a useful precision. Constructive interference between a color-suppressed current- 
current amplitude and a penguin amplitude can increase the vr^vr^ rate somewhat. Limits 
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on this rather rare mode can be used to bound the uncertainty in determining sin(2a) 
from 5° TT+TT- [|T1 



sin(5a) < 



7r±7r01 



Other ways of treating the penguin problem were discussed in [22 



(14) 



5 B decays to three pions 



The angle a can also be studied in the processes B - 
been seen with branching ratios larger than those of B 
(3.5ll:J ± 0.5) X 10-^ BR(5± ^ ttV) = (1-5 ± 0.5 ± 0.4) x 10" 



71 p which have already 
■ TTTT 0, BR(50 ^ 7r±p^) = 
"-^y ^ ) xjxLv-t^ ^ /I ; — v-L-^ w.^ _i_ W.4) X 10"^. An effective study 
of a, which can eliminate uncertainties due to penguin corrections, requires 



A separation between B^ and 5° decays. 



±n=F 



Time-dependent rate asymmetry measurements in B ^ tt p 

Measuring the rates of processes involving neutral pions, including the color- 
suppressed B^ 



This will not be an easy task. 



6 7 from B Ktt and other processes 

While discussing decays to three charged pions, we note that these decays are of 
high interest for a different reason |25|. When two of the pions form a mass around the 
charmonium Xco(3415) state, a very large CP asymmetry is expected between B^ and 
B~ decays. In this case the direct decay amplitude into three pions {b uud) interferes 
with a comparable amplitude into Xco^r^ (6 ccd) followed by Xco ^ tt+tt^. The large 
asymmetry (proportional to sin 7), of order several tens of percent, follows from the 90° 
strong phase obtained when the two pion invariant mass approaches the charmonium 
mass. 



A method for determining the angle 7 through i?^ —>■ DK^ decays |]2B|, which in 
principle is completely free of hadronic uncertainties, faces severe experimental difficul- 
ties. It requires measuring separately decays to states involving and Z)°. Tagging 
the flavor of a neutral D by the charge of the decay lepton suffers from a very large 
background from B decay leptons, while tagging by hadronic modes involves interfer- 
ence with doubly Cabibbo-suppressed D decays. A few variants of this method were 
suggested |2^, however, due to low statistics, it seems unlikely that these variants can 
be performed effectively in near future facilities. 

Much attention was drawn recently to studies of 7 in i? ^ Ktt, motivated by mea- 
surements of charge-averaged B Ktt decay branching ratios |ll9|, pO 



BR{B 



± 



1.82+°;^^ ±0.16) X 10 



-5 



(15) 
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BR(S° ^ K^TT^) = {l.SStofe ± 0.13) x 10"^ 
BR(S° irOvfO) = (1.48t°|?t°J3) X 10-^ . 



The first suggestion to constrain 7 from B — ^ Kvr was made in |28|, wliere electroweak 



penguin contributions were neglected. Tlie importance of electroweak penguin terms 



was noted in which was followed by several ideas about controlling these effects 
30 1 . In the present discussion we will focus briefly on very recent work along these lines 
P!7| , PT| , simplifying the discussion as much as possible. 

Decomposing the — > Kir amplitudes into contributions from penguin (P), color- 



favored tree (T) and color-suppressed tree (C) terms 

A{B+^K\+) = P, A{B+ ^K+n^) = -{P + T + C)/V2 , (16) 



P has a weak phase vr, while T and C each carry the phase 7. Some information about 
the relative magnitudes of these terms can be gained by using SU(3) and comparing 



these amplitudes to those of -B — > vrvr |T^. This implies 



T + C 

r= p =0.24 ±0.06. (17) 



Defining the ratio of charge-averaged rates |^ 



^* - B{B^^K7,^) ' ^^^^ 

one has 

i?^^ = 1 - 2rcos5cos7 + , (19) 

where 5 is the penguin-tree strong phase-difference. Any deviation of this ratio from one 
would be a clear signal of interference between T + C and P in B^ K^ir^ and could 
be used to constrain 7. 

So far, electroweak penguin contributions have been neglected. These terms can be 
included in the above ratio by relating them through flavor SU(3) to the corresponding 
tree amplitudes. This is possible since the two types of operators have the same (V- 
A)(V-A) structure and differ only by SU(3). Hence, in the SU(3) limit, the dominant 
electroweak penguin term and the tree amplitude have the same strong phase, and 
the ratio of their magnitudes is given simply by a ratio of the corresponding Wilson 
coefficients multiplied by CKM factors [O, pl[] 



JEW 



|EWP(5+ ^ K^7r+) + v/2EWP(B+ ^ K+tt^) 



(20) 



3C9 + C10 \VtlVts 



\T + C\ 

, = 0.6 ±0.2 , (21) 

where the error comes from \ Vub\- Consequently, one finds instead of ([T9| ) 

R-^ = 1 - 2r cos (5(cos 7 - 5ew) + 0{r^) , (22) 
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implying 

11 — -R^M 

\cos-f - 6ew\ > o (23) 

2r 

If R^^ 7^ 1, this constraint can be used to exclude a region around 7 = 50°. The present 
value of is consistent with one. Experimental errors must be substantially reduced 
before drawing any conclusions. 

The above constraint is based only on charge-averaged rates. Further information 
on 7 can be obtained by measuring separately and B~ decay rates. The — > Kir 
rates obey a triangle relation with B'^ tc^ti^ ^ pT] 



V2A{B+ K+TT^) + A{B+ K\+) = ^ tt+tt") (l - ^^e"^^) , (24) 

where = {fx/ I'tt) tan6'c — 0.28 contains explicit SU(3) breaking. This relation and its 
charge-conjugate permit a determination of 7 which does not rely on 7^ 1. 

This analysis involves uncertainties due to errors in r and Sew, which are expected to 
be reduced to the level of 10%. Additional uncertainties follow from SU(3) breaking in 
(pop and from rescattering effects in B~^ K^n'^ which introduce a term with phase 7 in 
this process. The latter effects can be bounded by the U-spin related rate of B~^ — >■ K^K^ 



35| . Present limits on rescattering corrections are at a level of 20% and can be reduced 
to 10% in future high statistics experiments. Such rescattering corrections introduce an 
error of about 10° in determining 7 [^. Summing up all the theoretical uncertainties, 
and neglecting experimental errors, it is unlikely that this method will determine 7 to 
better than ±20°. Nevertheless, this would be a substantial improvement relative to the 
present bounds (^. 

We conclude this section with a simple observation [^], which enables an early de- 
tection of a CP asymmetry in i? ^ fCvr. Using A{B^ — > K^-k^) = —P — T, the 
hierarchy among amplitudes \P\ ^ |T| ^ \C\, implies Asym(i?^ K^tt'^) ^ 



Asym(i? — s> K^ir^). This may be used to gain statistics by measuring the combined 
asymmetry in these two modes. The magnitude of the asymmetry depends on an un- 
known final state strong phase. Very recently a 90% confidence level upper limit was 
reported Asym(5 ^ K^n^) < 0.35 1T|, |3^ 



7 Signals of new physics 



The purpose of future B physics is to over-constrain the unitarity triangle. \Vub\ can at 
best be determined to 10% |3^ and \Vtd\ relies on future measurements of the higher 
order B2 - B2 



mixing 



HI and K+ 



39|. Constraining the angles a. 



(3 and 

7 by CP asymmetries is complementary to these CP conserving measurements. The 
asymmetry measurements involve discrete ambiguities in the angles, which ought to be 
resolved 
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Hopefully, these studies will not only sharpen our knowledge of the CKM parameters 
but will eventually show some inconsistencies. In this case, the first purpose of B physics 
will be to identify the source of the inconsistencies in a model-independent way. Let us 
discuss this scenario briefly by considering a few general possibilities. 
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Physics beyond the standard model can modify CKM phenomenology and predictions 
for CP asymmetries by introducing additional contributions in three types of amplitudes: 

• — and 5^ — S° mixing amplitudes. 

• Penguin decay amplitudes. 

• Tree decay amplitudes. 

The first case is the most likely possibility, demonstrated by a large variety of models 
4T| . New mixing terms, which can be large and which often also affect the rates of 



electroweak penguin decays, modify in a universal way the interpretation of asymmetries 
in terms of phases of B^ — B^ and B^ — B^ mixing amplitudes. These contributions can 
be identified either by measuring asymmetries which lie outside the allowed range, or by 
comparison with mixing-unrelated constraints. On the other hand, new contributions in 
decay amplitudes |^ are usually small, may vary from one process to another, and can 
be detected be comparing asymmetries in different processes. Processes in which the 
KM hypothesis implies extremely small asymmetries are particularly sensitive to new 
amphtudes. 

To conclude this brief discussion, let us list a few examples of signals for new physics. 
. > 0(10-2). 

• Sizable asymmetries in 6 — > S7 or Bs —>■ ipcf). 

• "Forbidden" values of angles, | sin 2/? — 0.6| > 0.2, sin 7 < 0.6. 

• Different asymmetries in B'^{t) "ipKs, 4>Ks, f]'Ks- 

• Contradictory constraints on 7 from B Kn, B DK, Bs DgK. 

• Rate enhancement beyond standard model predictions for electroweak penguin 
decays, B ^ X^J+r, B^B^ - 



8 Conclusion 

The CP asymmetry in i? — > ipKs is related cleanly to the weak phase f3 and can be used 
experimentally to measure sin 2/?. In other cases, such as in B^ — >■ vr+vr" which measures 
sin 2a and B — ^ DK which determines sin 7, the relations between the asymmetries, 
supplemented by certain rates, and the corresponding weak phases are free of significant 
theoretical uncertainties. However, the application of these methods are expected to 
suffer from experimental difficulties due to the small rates of color-suppressed processes. 

While one expects qualitatively that color-supression is affected by final-state inter- 
actions, these long distance phenomena are not understood quantitatively. The case of 
B —>■ Kit demonstrates the need for a better undersanding of these features, and the 
need for a reliable treatment of SU(3) breaking. That is, whereas the short distance 



effects of QCD in weak hadronic B decays are well-understood |43|, we are in great need 
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of a theoretical framework for studying long distance effects. An interesting suggestion 
in this direction was made very recently in Q . 



We discussed mainly the very immediate B decay modes, for which CP asymmetries 
can provide new information on CKM parameters. Asymmetries should be searched 
in all B decay processes, including those which are plagued by theoretical uncertainties 
due to unknown final state interactions, and those where the KM framework predicts 
negligibly small asymmetries. Afterall, our understanding of the origin of CP violation 
is rather limited and surprises may be right around the corner. 
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